The discovery of novel specific ribosome-associated factors challenges the assumption that translation relies on standardized molecular machinery. In this work, we demonstrate that Tma108, an uncharacterized translation machinery-associated factor in yeast, defines a subpopulation of cellular ribosomes specifically involved in the translation of less than 200 mRNAs encoding proteins with ATP or Zinc binding domains. Using ribonucleoparticle dissociation experiments we established that Tma108 directly interacts with the nascent protein chain. Additionally, we have shown that translation of the first 35 amino acids of Asn1, one of the Tma108 targets, is necessary and sufficient to recruit Tma108, suggesting that it is loaded early during translation. Comparative genomic analyses, molecular modeling and directed mutagenesis point to Tma108 as an original M1 metallopeptidase, which uses its putative catalytic peptide-binding pocket to bind the Nterminus of its targets. The involvement of Tma108 in co-translational regulation is attested by a drastic change in the subcellular localization of ATP2 mRNA upon Tma108 inactivation. Tma108 is a unique example of a nascent chain-associated factor with high selectivity and its study illustrates the existence of other specific translation-associated factors besides RNA binding proteins.
INTRODUCTION
As intermediates between DNA and proteins, mRNAs are the prime targets for the specific gene expression controls. Decades of research have demonstrated that multiple layers of fine tuning regulation mechanisms determine unique fates for mRNA molecules. In addition to the transcription and chromatin-remodeling factors required for the production of specific sets of mRNAs, post-transcriptional events allow for precise spatio-temporal controls. Indeed, a new picture of gene regulation has emerged in which RNAbinding proteins and small RNAs bind to mRNA molecules to define RNA regulons with distinct subcellular localizations, stabilities and/or translation efficiencies (1, 2) . These specific post-transcriptional controls are generally believed to result in the loading of the ribosome, which is assumed to be a standardized molecular machine acting as an automaton in translating the genetic code.
However, recent studies have revealed some heterogeneity in translation machinery-associated proteins (3) (4) (5) which supports the hypothesis of specialized control of translation, mediated by ribosomal complexes with unique compositions and specific activities. Ribosomal particles combined to various additional factors could associate with defined subsets of the cellular mRNAs and have specific translational properties (translation efficiency, sub-cellular localization, nascent chain quality control). This is supported by the observation that accessory proteins, like RNA-binding proteins or nascent chain-associated factors are recruited by the translation machinery and participate in the specialized co-translational control required for the synthesis of a specific subset of proteins. For example, Rack1, a core component of the ribosome, has been shown to bind various part-ners such as transmembrane receptors, the miRNA-induced silencing complex (miRISC) and Scp160, an RNA-binding protein (6) . Such interactions may contribute to the targeting of the ribosome to the cell membrane, miRNA translation inhibition and selective translation of specific mRNAs associated with RNA-binding proteins. Similarly, proteins involved in protein quality control can be recruited to the ribosomal complex during translation to eliminate aberrant transcripts and nascent chains (7, 8) or to facilitate the proper folding of specific nascent proteins and prevent their aggregation (9) .
Localized mRNAs are good models to study specific translational controls since site-specific translation requires the coordination of translation and mRNA targeting (10) . ATP2 mRNA codes for the ␤-subunit of ATP synthase and is a long-standing model used to investigate the localization to the mitochondria of diverse nuclear-encoded mRNAs translated in close proximity to this organelle (11) (12) (13) (14) (15) .In the present work, we hypothesize that a particular ribosomal complex composition might regulate ATP2 mRNA localization to its translation site. To address this question, we took advantage of the recent proteomic identification of several uncharacterized Translation Machinery-Associated factors (TMAs) in yeast that could constitute good candidates for specific ribosomal partners (16) . We observed that the inactivation of Tma108 significantly impacted the sub-cellular localization of ATP2 mRNA. Immunoprecipitation experiments further demonstrated that Tma108 defined a sub-population of ribosomes with high selectivity for a set of 174 mRNAs, including that of ATP2. However, Gene Ontology enrichment analyses revealed that Tma108 targets were not enriched in mRNA encoding mitochondrial proteins. Instead, we observed that a large number of them encoded ATP-binding, RNA-binding or Zn-binding domains, suggesting that Tma108 could recognize specific nascent peptide features. This hypothesis was corroborated by the mass spectrometry analysis of Tma108 partners and the molecular dissection of the signals involved in Tma108 selective recognition of ATP2 and ASN1 mRNA. The latter also revealed the crucial role of the first translated amino acids of these targets in the recruitment of Tma108 to the translational machinery. Comparative genomic analysis and molecular modeling pointed to Tma108 as an original M1 metallopeptidase, making it the first example of a member of this protein family to be involved in nascent chain recognition during translation. In addition, a single amino acid substitution in the MAMEN motif (E296Q) demonstrated the involvement of the putative M1 metallopeptidase peptide-binding pocket in Tma108 substrate recognition. We put forward a model in which the Tma108 catalytic pocket has evolved to recognize specific nascent peptides and participate in the co-translational control of gene expression.
MATERIALS AND METHODS

Strain, plasmid, media used
All Saccharomyces cerevisiae strains used in this study are isogenic to BY4741: they are described in the supplementary methods (Supplementary Table S1 ). Plamids used for yeast transformation are also described in the supplementary methods (Supplementary Table S2 ).
Yeast were grown on rich medium (1% bactopeptone, 1% yeast extract) containing either 2% glucose (YPD) or 2% galactose (YPGal), as a carbon source. BY4743 and Tma108-PA strain were transformed with pRS416-derived plasmids (see supplementary methods). When required for plasmid selection, cells were grown on CSM medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% dextrose, 0.07% CSM mixture) depleted of the selective compound.
Antibodies
The following antibodies were used for western blotting or immunoprecipitation: rabbit IgG-HRP polyclonal antibody (PAP; code Z0113; Dako), mousse anti-rpl3 IgG (DSBH, clone 7.1.1), rabbit anti-Rpl1 igG (kind gift from F. Lacroute (17)).
FISH and mRNA localization quantitative analyses
The FISH experiments were performed as described previously (18) . Diploid strains were used in order to better visualize the relative location of mRNA to the mitochondria. After overnight growth in YPGal medium, cells in the exponential phase were fixed with a final concentration of 4% paraformaldehyde, spheroplasted with lyticase, adhered to poly-L-lysine-treated coverslips and stored in 70% ethanol at −20
• C. Five antisense oligonucleotide probes complementary to the targeted sequence were used to detect single mRNA molecules. Mitochondrial ribosomal RNA, ATP16 mRNA and ATP2 mRNA were detected using fluorescent probes as described previously (18) . After overnight hybridization at 37
• C, washing and 4,6-diamidino-2-phenylindole staining, coverslips were mounted with antifade solution. Three-dimensional imaging analysis was performed, by acquiring 41 images 200 nm apart along the z-axis on a Ti Nikon inverted microscope using a 60X numerical aperture objective.
To statistically analyze relative RNA localization in large cell populations (>100 cells), we used the CORSEN software (19) . Quantification of distances between mRNA and mitochondria involved the following steps: (i) 3D segmentation and extraction of object features (coordinate and intensity); (ii) measurement of the distance between mRNA particles and the mitochondrial surface and (iii) statistical analysis of generated data, with distances weighted for intensity and using the median mRNA-mitochondrion distance for each cell.
Immunoprecipitation of ribonucleoprotein particles
For mass spectrometry and microarray analyses, ribonucleoparticle purifications from cells expressing proteinAtagged baits (Tma108, Rpl16A, Scp160 or Tma46) were performed essentially as described in (20) . Briefly, frozen grindates obtained from cells grown in rich medium were homogenized in nine volumes of extraction buffer (20 mM Hepes pH 7.5, 110 mM KOAc, 2 mM MgCl 2 , 0.1% Tween-20, 0,5% Triton X-100, 1 mM DTT, 1× protease inhibitors cocktail, complete EDTA-free, Roche and antifoam B, Sigma, 1:5000). When indicated, EDTA was added for a final concentration of 40 mM. The resulting extract was clarified by filtration through 1.6 m GD/X Glass Microfiber syringe filters (25 mm, Whatman) and further incubated for 30 min at 4
• C with IgG-conjugated magnetic beads. Beads were then washed three times with extraction buffer, once with washing buffer (0.1 M NH4OAc, 0.1 mM MgCl 2 ) supplemented with 0.02% Tween-20 and four times with washing buffer without Tween-20. Beads were then split into two samples for protein and RNA analysis respectively. Immunoprecipitated proteins were eluted with 0.5 M NH 4 OH, 0.5 mM EDTA, lyophilized and resuspended either in SDSsample buffer for SDS-PAGE or in 25 mM ammonium carbonate for mass spectrometry analysis. Immunoprecipitated RNA was eluted by treating the beads with proteinase K (0.2mg/ml, 30 min at 30
• C) in the washing buffer supplemented with 0.1% SDS.
Small-scale immunoprecipitations (reporter construct studies) were performed using a similar procedure except that cells were lysed in the same buffer by bead beating using a Fastprep (Qbiogene). After a 10 000-g centrifugation at 4
• C for 5 min, the soluble extract was processed for immunoprecipitation and RNA analysis as above.
Mass spectrometry analyses
The mass spectrometry proteomics data has been deposited on the ProteomeXchange Consortium (21) via the PRIDE partner repository with the dataset identifier PXD003174.
Detailed mass spectrometry analysis procedures are available in the supplementary methods.
Only proteins with a Mascot score higher than 150 were considered for further analysis. Protein score distributions of immunoprecipitations (IP) from the control (untagged BY4741) or proteinA-tagged strains were compared in order to distinguish specifically interacting proteins from the background (see Supplementary Figure S1 for an example). Based on the control distribution, a threshold score was chosen to keep <10% false positives. Proteins above this threshold score in the control or with a ratio of IP to control inferior to 2 were excluded.
Real time quantitative PCR analyses
Both total and immunoprecipitated RNA was purified using the Qiagen RNeasy mini kit and further treated with DNAse (Ambion TURBO DNA-Free kit). 500 ng of purified RNA was used for reverse transcription followed by real-time PCR analysis as described in (18) . The oligonucleotides used are described in an additional file (Table S3 in supplementary methods).
Extraction of mitochondrion-associated RNA
Both mitochondrion-associated RNA and total cellular RNA were extracted as previously described (18) except that cycloheximide (200 g/ml) was added on ice only in the fractionation buffer. RNA was extracted and purified using the RNeasy Mini Kit (Qiagen). The quality of the extraction was checked by quantitative PCR analysis as previously described (18) .
Microarray hybridization and analysis
The microarray data and the related protocols are available at the GEO web site (www.ncbi.nlm.nih.gov/geo/) with the dataset identifiers E-MTAB-3922 and E-MTAB-3881.
Briefly, 1g of RNA from each sample to be compared was reverse-transcribed and labeled with Cy3 or Cy5 dye using the indirect labeling procedure. We then hybridized labeled cDNAs with Agilent's ab 8×60K S. cerevisiae custom DNA chip (AMADID: 027945). Each hybridization was replicated using dye-swap. Arrays were read using an Agilent scanner at 2 m resolution and the signal segmentation was done using the feature extraction software (Agilent). The data was normalized without background subtraction using the global Lowess method (22) .
For the analysis of mitochondrion-associated RNAs, the enrichment ratios between cellular and mitochondrial extraction were calculated. A comparative analysis of BY4743 and tma108Δ/Δ mRNA localization was performed using LIMMA (23, 24) to detect significant changes (Pvalue<0.05) in mRNA association to mitochondria.
For the analysis of ribosome-associated mRNA, we performed microarray hybridizations using cDNA reversetranscribed from immunoprecipitation and the corresponding input sample. The LIMMA algorithm was used to determine the list of mRNAs specifically enriched in Tma108, Tma46 and Scp160 immunoprecipitations compared to Rpl16A. Only mRNAs with log 2 ratios superior to 0.8 and an adjusted P-value of <0.05 were kept in the final list.
R software was used for category enrichment analysis (http://www.r-project.org/). GO (http://www.yeastgenome. org/download-data/curation) and Pfam (25) categories were assigned using the corresponding the databases. Pvalues to detect over-represented and under-represented GO or Pfam categories were calculated on the basis of a hypergeometric density distribution function as described in (26) .
Molecular modeling of Tma108 structure
The tertiary structure of Tma108 was predicted using the Modeller (27) program interfaced with the HHpred server (28) . The protein sequence of Tma108 from S. cerevisiae (UNIPROT code: P40462, 946 residues) was queried against the pdb70 database (Protein Data Bank (29) clustered at 70% sequence identity) using HHblits (30) to retrieve homologous sequences with known structures. Two of the best hits were selected as templates: human aminopeptidase A (PDB code: 4KX7, chain A) and porcine aminopeptidase N (PDB code: 4FKE, chain A). They both cover the entire protein (residues 4-944) with 20% of identities. The quality of the model was evaluated with Procheck (31) . 85% of the residues were found in the most favored regions of the Ramachandran plot, indicating reasonable quality.
Multiple sequence alignments
Two multiple sequence alignments were generated using MAFFT (32) via the EMBL-EBI webserver (33) comprised of: (i) 14 sequences of M1 aminopeptidases and the sequence of Tma108 from S. cerevisiae, (ii) 18 sequences of Nucleic Acids Research, 2016, Vol. 44, No. 18 8829 Tma108 proteins from saccharomycetaceae (for details on the sequences used for the alignments see Table S4 in supplementary methods). We used Seaview to compute phylogenetic trees from the multiple sequence alignments with the pHyML program (parameters set to default). Name and accession numbers of the sequences used are available in the supplementary methods. The complete annotated alignment of Tma108 with M1 aminopeptidases is available in supplementary data 1. Tma108 orthologs used in the second alignment were obtained by reciprocal blast in the Saccharomycetaceae genome databases. We applied the same analysis to the closest paralogs of Tma108, Aap1 and Ape2, and observed that Tma108 orthologs could be clearly distinguished from those of Aap1 and Ape2 (see Supplementary  Figures S2 and S3 ).
RESULTS
The Translation Machinery-Associated factor Tma108 impacts the localization of ATP2 mRNA to mitochondria
In a previous study (14) , we demonstrated that translation was absolutely required for ATP2 mRNA to localize to the mitochondria. Our working model was that ATP2 mRNA localization was a co-translational event mediated by the targeting of its nascent amino-terminal peptide (Mitochondrial Targeting Sequence or MTS) to the mitochondrial surface (Supplementary Figure S4a) .
We hypothesized that some ribosomal proteins could participate in the specific dynamics of translation required for ATP2 mRNA localization to the mitochondria. We performed FISH experiments to identify such proteins and analyzed the localization of ATP2 mRNA in several strains in which genes encoding structural ribosomal proteins and putative ribosomal partners (Tma proteins) were deleted (supplementary methods).
Fluorescent probes that allow for detection of single molecules of ATP2 mRNA were used in combination with probes directed against mitochondrial rRNA as markers for mitochondrial position ( Figure 1A upper left) . Three dimensional image acquisitions for more than 100 cells per strain were generated using Corsen which allowed us to calculate the median distances between ATP2 particles and mitochondrial surfaces (19) . Distributions of median distances in cellular populations are represented in Figure 1A (bottom panel). Among the 14 tested strains, only the strain in which TMA108 was deleted showed a significant change in ATP2 mRNA localization compared to the wild type strain. In the absence of Tma108, most of the ATP2 mRNA particles co-localized with the mitochondria (Figure 1a upper right) and the median ATP2 mRNA-mitochondria distance shifted from 195 to −50 nm (Figure 1a bottom), indicating that Tma108 negatively impacted the localization of ATP2 mRNA in the vicinity of the mitochondria. This finding was then confirmed by a functional complementation experiment (Supplementary Figure S5) and by the observation that the over-expression of Tma108 led to a significant decrease in ATP2 mRNA mitochondrial localization (Supplementary Figure S6 ).
ATP2 mRNA is one of the Mitochondria Localized nuclear-encoded mRNAs (MLRs), which were previously found to be preferentially localized at the mitochondrial surface (13, 15) . We then analyzed the impact of Tma108 activity on the spatial distribution of mRNA at a genomewide level. In order to achieve this, we carried out comparative global analyses of mRNAs co-purified with mitochondrial fractions in the presence or absence of Tma108 using DNA microarrays ( Figure 1B , left part). Consistent with our FISH analysis, we observed a 2-fold increase in ATP2 mRNA association with the mitochondrial fraction. Nevertheless, no other significant changes in mRNA enrichment factors were detected with this approach ( Figure 1B , right part). This result showed that Tma108 specifically impacted ATP2 mRNA localization to the mitochondria without detectable effects on other localized RNA to mitochondria.
Tma108 interacts with ribosomes bound to the ATP2 mRNA
In their pioneering work to identify new ribosomal partners, Fleischer and colleagues demonstrated that Tma108 was present in salt washes of ribosome purifications and cosedimented in sucrose gradients with polysomes in an EDTA-dependent manner (16) . Nevertheless, they were not able to confirm this interaction by direct immunoprecipitation of Tma108. In order to clarify the potential association between Tma108 and the ATP2 mRNA translation machinery, we performed immunoprecipitations of a proteinAtagged version of Tma108 in conditions that maintained ribonucleoprotein (RNP) structures and were previously used to analyze ribosomal particles (20) (Figure 2A ). This technique allowed us to purify both protein ( Figure 2B , C and E) and RNA components ( Figure 2D and F) of the RNP complexes which were immunoprecipitated together with Tma108.
Analyses of the protein fractions using mass spectrometry showed that >80% of the proteins coimmunoprecipitated with Tma108 ( Figure 2B ) were known components of the translation machinery ( Figure  2E ). They included core members of the 60S and 40S subunits, general translation factors (Clu1, Fun12, Stm1, Sup45, Tif35, Tif4631, Tif4632, Yef3), as well as proteins associated with the ribosome (Rbg1, Rli1, Rrp5, New1), the nascent peptide (Egd1, Egd2, Ssb2, Ssz1, Zuo1) or the translated mRNA (Ded1, Cdc39, Sro9, Xrn1, Yra1). These results were confirmed by immunoblotting of Rpl1 and Rpl3 ( Figure 2C ). The association between Tma108 and the ribosome was also supported by the detection of rRNA in the Tma108 IP and not in the mock IP ( Figure  2D ). Strikingly, all these interactions were lost upon EDTA treatment ( Figure 2B , C and D), which dissociated the 40S and the 60S subunits of the translating ribosome, indicating that Tma108 might interact with the mature mRNA-ribosome complex.
Next, we used real-time quantitative PCR to analyze the mRNA present in the ribosomal particles which had immunoprecipitated with Tma108. We observed a clear and reproducible enrichment of ATP2 mRNAs in the Tma108 IP, compared to a control set of mRNA ( Figure 2F ). We further analyzed the presence within the Tma108 IP of diverse mRNAs encoding the other subunits of the mitochondrial ATP synthase complex. Among these, some are similarly nuclear-encoded and localized to the mitochondria (ATP1, ATP3 and ATP4) (34) . No enrichment was measured for show the impact of TMA108 deletion on ATP2 mRNA localization. In BY4743 strain, the ATP2 mRNA is partially localized to the mitochondria surface. TMA108 deletion led to a drastic increase in ATP2 mRNA localization to the mitochondria: most of the green spots co-localized with the mitochondrial red signal. ATP2 mRNA localization is not perturbed by TMA20, RPL38 or TMA22 deletions. The boxplots (bottom) represent the distributions of the median ATP2 mRNA-mitochondria distances in the analyzed cell populations. Similar FISH analyses were performed on a control mRNA, ATP16, and no significant change in mRNA localization was observed (data not shown). (B) Genome-wide analysis of the impact of Tma108 on the localization of mRNA to mitochondria. Experimental scheme (left) for the analysis of mRNA localization to mitochondria: total mRNA and mRNA associated with the mitochondrial fraction were isolated, reverse transcribed, and labeled for subsequent microarray analysis. Comparative analysis of the mRNA associated with the mitochondrial fraction in BY4743 and TMA108 deleted strain (right). The log2 fold changes in TMA108Δ/Δ relative to BY4743 are plotted: the values for each gene are the means of three biological replicates (see Supplemental Table S5 ). ATP2 is the single mRNA detected by LIMMA with a significant change in mRNA enrichment factor (P-value = 3.7 × 10 −3 ). L   RPS0A  RPS16A  RPS18A  RPS24A  RPS4A  RPS9A  RPS9B  RPS8A  RPS21B   RPL8A  RPL8B  RPL10  RPL13B  RPL6A  RPL6B  RPL16A  RPL23A  RPL5  RPL17A  RPL17B  RPL26A  RPL36B  RPL20A  RPL9A  RPL2A  RPL15A  RPL19A  RPL43A  RPP2A  RPL22A  RPL27A  RPL24B  RPL24A  RPL18A  RPL36A   ADE3  BRE5  MBF1  TCB3  ASN2  IMD4  UBP3  HSP150  PET9  CIT1  GAL10   SSZ1  EGD1  SSB2  RBG1  EGD2  NEW1  TMA108  RRP5  RLI1  ZUO1   DED1  XRN1  CDC39  SRO9  YRA1   CLU1  SUP45  STM1  YEF3  TIF35  TIF4631  FUN12  TIF4632   L Table S6 ). Only proteins reproducibly detected with a MS score superior to the threshold determined with the untagged sample were selected (see Supplementary Figure S1 ). Most of these proteins are lost when IP are performed in the presence of EDTA (see Figure 5B ). (F) Real-time PCR analysis of mRNA immunoprecipitated with Tma108-PA IP. For each analyzed mRNA, the enrichment factor corresponds to the ratio IP/Input normalized using a set of control mRNA (Act1, Trx2,Tpm2,Jen1,Flr1). After normalization, the mean enrichment factor for the control mRNA set is equal to 1. When EDTA is added in the IP, ATP2 mRNA is no longer enriched compared to the other mRNA (see Figure 5B ). No specific enrichment of ATP2 mRNA is detected when analyzing IP performed with the untagged strain (data not shown).
any of the 12 other ATP synthase-encoding mRNAs. This last observation is consistent with our previous finding that only ATP2 mRNA localization is disturbed in the absence of Tma108 ( Figure 1B) . Our results show that Tma108 may interact with ribosomes engaged in translation. However, this interaction would be restricted to ribosome translating specific mRNAs, such as ATP2.
Tma108 targets ribosomes that translate particular sets of mRNAs.
Subsequently, we used microarray technology to identify the whole set of mRNAs which were enriched in the Tma108 IP ( Figure 3A) . In order to determine the selectivity of Tma108-mRNA association, we also analyzed the mRNAs obtained from the immunoprecipitation of Rpl16a, a core component of the ribosome, and two other ribosomal partners, Scp160 and Tma46 (16, 35) . In each case, the isolation of ribosomal particles was confirmed by the detection of rRNA in the immunopurified extracts (data not shown). Two independent IP experiments were used for microarray hybridization and the replicates were highly consistent, as shown in the hierarchical clustering analysis in Figure  3B . Statistical analysis defined 174 mRNA specifically enriched in the Tma108 IP dataset compared to the Rpl16a dataset, which was used as a proxy for general translational activity (36, 37) . We also identified 369 mRNAs enriched in the Scp160 IP, a result consistent with previous publications, demonstrating that Scp160 associates with specific subsets of mRNAs (2, 38) . However, we did not detect any specific subset of mRNA associated with Tma46 as compared to Rpl16a, suggesting that Tma46 interacts with the entire ribosomal population without selectivity for any translated mRNAs. Interestingly, Tma108 and Scp160 targets show almost no overlap (only 6 mRNAs are shared in the two datasets). Gene ontology (GO) analysis revealed that Scp160 targets mRNA encoding proteins expressed in the secretory pathway compartments (membranes, vacuole, Golgi, endoplasmic reticulum) ( Figure 3C ), in agreement with an earlier study (2) . Conversely, mRNAs encoding cytoplasmic and nuclear proteins were over-represented among Tma108 targets ( Figure 3C ). These observations support the fact that Tma108 and Scp160 define different subsets of ribosomal particles associated with distinct mRNAs. In addition, they reveal that Tma108 targets only a very limited fraction of the cellular mRNA (3%) indicating high selectivity for this translation machinery-associated factor.
Tma108-associated ribosomes preferentially target mRNAs encoding proteins bearing ATP-binding, RNA-binding or Zinc-binding domains
In order to further understand Tma108 selectivity, we analyzed the representation of the diverse Gene Ontology categories (process and function) within the Tma108 mRNA target dataset. Two cellular processes were significantly over-represented amongst Tma108 targets: Glutamine metabolic process (P-value: 7.8 × 10 −7 ) and Stress granule assembly (P-value: 5.2 × 10 −5 ). However, the mRNAs linked to these processes only represent 6% of the mRNA enriched in the Tma108 dataset. In contrast, 45% of the mRNAs co-immunoprecipitated with Tma108 belong to at least one of the following three "biochemical function" categories: Nucleotide binding (P-value: 2.3 × 10 −8 ), Zinc ion binding (P-value: 1.5 × 10 −5 ) and RNA binding (P-value: 9.7 × 10 −5 ) ( Figure 3D ). These observations indicate that Tma108 mRNA targets do not encode proteins involved in a common cellular pathway, but rather proteins that share common biochemical properties. In particular, 24% of the mRNAs translated by Tma108-associated ribosomes encode ATP-binding proteins.
We then questioned whether or not this overrepresentation of defined biochemical functions amongst the Tma108 targets was due to its selectivity for specific protein domains encoded by the target mRNAs. Enrichment analysis identified 18 over-represented Pfam domains, among which seven were nucleotide-binding domains ( Figure 3E, panel 1 ), five were RNA-binding domains ( Figure 3E , panel 2), three were Zinc ion binding domains ( Figure 3E, panel 3 ) and five corresponded to other protein motifs ( Figure 3E, panel 4) . These domains were found in 51% of the nucleotide-binding proteins, 67% of the RNA-binding proteins and 38% of Zinc-binding proteins identified in the Tma108 dataset respectively. Interestingly, six out of the seven identified nucleotidebinding domains had ATPase activity ( Figure 3E, panel 1) . In several cases, we observed that all the members of the Pfam family corresponded to mRNAs targeted by Tma108 ( Figure 3E ). The most striking result was obtained for the Glutamine amidotransferase domain category (GATase), whose members (Asn1, Asn2, Ade4, Gfa1, Yml096w, Dug3) had the highest enrichment values in the microarray experiments ( Figure 3E, panel 4) . This selectivity for the GATase domain accounts for the over-representation of proteins involved in glutamine metabolism as mentioned above. To a lesser extent, the same kinds of results were observed for several other domains, notably RIO1, PFK, eIF-4G1, Sec 23, RNA pol Rpb1 5 and nucleoporin2. However, for certain domains, only a subset of the mRNA was enriched compared to the global distribution. This was the case for the ATP synthase ␣/␤ domain family which includes two subunits of the mitochondrial ATP synthase (Atp1, Atp2) and two subunits of the vacuolar H+-ATPase (Vma1, Vma2): in this case, only ATP2 and VMA1 mRNAs co-purified with Tma108 ( Figure 3E, panel  1) . For large families of proteins, like DEAD-box proteins or AAA-ATPases, only a subset of the family members (14% of the DEAD box proteins, 13% of the AAA ATPase) was enriched in Tma108 immunoprecipitation.
Our analysis thus reveals that Tma108 preferentially targets ribosomes translating ATP-binding, RNA-binding or Zn-binding proteins. This suggests that Tma108 selectivity could be based on the presence of specific functional domains in the proteins encoded by its mRNA targets. However, other parameters are involved in Tma108 selectivity, as attested by the fact that some proteins containing one of the aforementioned domains do not have their mRNA enriched in the Tma108 IP. Table S9 ). The extent of the enrichment for each GO term is expressed as a fold enrichment over genome. Significant over-and under-enrichments are indicated (***P-value < 10 −3 , **P-value < 5 × 10 −2 ). (D) Tma108 targets are highly enriched in defined molecular functions. Analysis of enrichment of the GO terms revealed three main categories of over-represented functions: Nucleotide binding (P-value: 2.3 × 10 −8 ), Zinc ion binding (P-value: 1.5 × 10 −5 ) and RNA binding (P-value: 9.7 × 10 −5 ). Over-represented functional categories included in these three GO terms are not represented (Supplementary Table S10 
Tma108 is a non-canonical member of the M1 aminopeptidase family, harboring a peptide-binding domain that might have evolved to reach specific substrates
Our observation regarding the selectivity of Tma108 targeting raised questions about the nature of the physical interactions driving this process and the specificity of the underlying molecular mechanism. We used phylogenic analyses and homology-based modeling to define the domains of the protein that could contribute to such specific interactions. Tma108 has been shown to be an essential gene in some genetic background (39), we assumed that selective pressures could have shaped the conservation of Tma108 residues according to their functional relevance. As Tma108 has been identified as a member of the M1 aminopeptidase family, we could compare it to 14 wellcharacterized M1 aminopeptidases (11 Homo sapiens, 1 E.coli, 2 S. cerevisiae sequences) using multiple alignments of the primary structures. The phylogenic tree obtained from this analysis (Supplementary Figure S3) showed that Tma108 was not closely related to previously known aminopeptidases and defined an independent branch of the tree (as opposed to its closest yeast relatives, Ape2 and Aap1). Nevertheless, the alignment ( Figure 4A ) confirmed the good conservation of the characteristic Zn-binding motif of M1 metallopeptidases, HEXXHX 18 E (40). We also observed that the tyrosine residue involved in the catalytic mechanism and generally located 80-90 residues after the HEXXHX 18 E motif in M1 aminopeptidases was conserved in Tma108 (40) . The (G/A/H/V)(G/A)MEN motif, found in 77% of the M1 family proteins and involved in substrate binding and recognition (41) , was also present in Tma108. Only the 293 M in the first position of the motif (MAMEN) is not congruent with the defined signature. Finally, most of the residues common to all reference M1 aminopeptidases (blue in Figure 4A and B) were also observed in Tma108, as displayed in the 3D model ( Figure 4B ). The residues specific to Tma108 (cyan in Figure 4A and B) are mostly located in the periphery of the catalytic pocket.
We analyzed the sequence conservation of Tma108 amongst the potential orthologs of Tma108 found in the Saccharomycetaceae familly. We identified 57 fully conserved residues, among which 15 were identical to the residues found in all the reference aminopeptidases (residues in dark blue in Figure 4A and C). According to their position in the 3D model ( Figure 4C ), these residues make up the central part of the M1 aminopeptidase catalytic pocket. Interestingly, we also observed 42 residues that are specific and conserved in Tma108 orthologs (orange in Figure 4A and C). Although they are not contiguous in the Tma108 sequence, these residues are clustered along the catalytic pocket. Some of them ( 153 H, 155 Q, 292 D and 357 T) correspond to positions that were demonstrated to be part of the S1 or the S'1 pocket involved in the substrate recognition of aminopeptidase N in E. coli (42, 43) .
M1 aminopeptidases are specialized in the hydrolysis of N-terminal residues of peptides, although some of them have evolved to recognize other substrates (this is notably the case of the Leukotriene A4 hydroxylases). Our analysis highlighted the conservation of the catalytic pocket but also, the existence of residues specific to the Tma108 protein. These results suggest that the selectivity of Tma108 is linked to the recognition of specific peptides by this region.
Tma108 directly interacts with the proteins translated by the Tma108-associated ribosomes
In order to gain insight into Tma108 interactions, we tried to identify proteins that specifically associate with Tma108 ribosomes. For this purpose, a comparative proteomic analysis of the proteins co-immunoprecipitated with Tma108, Scp160, Tma46 and Rpl16a was performed ( Figure 5A ). Proteins found in the four immunoprecipitation datasets mainly corresponded to ribosomal proteins and translation factors. In addition, ribosomal biogenesis factors were exclusively detected in Rpl16a immunoprecipitation, demonstrating that the ribosomes associated with Tma108, Scp160 and Tma46 were mature translating ribosomes. Strikingly, the only proteins which were specific to the Tma108 IPs were Asn1, Asn2 and Atp2, whose mRNAs were amongst those most enriched in the Tma108 IPs ( Figure 3E , panels 1 and 4). Since our immunoprecipitations were performed in conditions which maintained the integrity of ribonucleoprotein complexes, our analysis was likely to detect the nascent chains of Asn1, Asn2 and Atp2 being translated by the Tma108-specific ribosomes. These results prompted us to investigate whether the specificity of Tma108 for proteins harboring particular Pfam domains could be due to its direct interaction with these proteins during their translation.
To test this hypothesis, we took advantage of the wellcharacterized EDTA-mediated dissociation of translating ribosomes (16) . The cell extracts were treated with 40 mM EDTA before performing Tma108 IPs, in order to identify which components of the ribosomal RNPs were interacting Tma108 partners ( Figure 5B ). Under these conditions, we could not detect any enrichment for ATP2, ASN1 or VMA1 mRNAs ( Figure 5B, panel 1) . Similarly, mass spectrometry analyses revealed that ribosomal proteins no longer coimmunoprecipitated with Tma108 after EDTA treatment (see also Figure 2C and D). Still, seven proteins were reproducibly detected in EDTA-treated Tma108 IPs ( Figure 5B , panel 2). Four of them (Asn1, Asn2, Atp2 and Vma1) were translated by Tma108-associated ribosomes as determined by our previous microarray analyses ( Figure 5C ). Thus, although the EDTA treatment had successfully dissociated the Tma108 ribonucleoparticles, the detection of these four proteins suggests a direct interaction between Tma108 and their nascent polypeptides.
Tma108 recognizes the N-terminus of the nascent peptides during translation, a process that involves its putative peptidebinding pocket
Our results strongly suggest that Tma108 is a specific nascent chain-associated factor. According to this model, several predictions can be made: (i) the coding sequence (without the untranslated regions) might be sufficient to recruit Tma108, (ii) impairment of the translatability of the mRNA might prevent the recruitment of Tma108 and (iii) the N-terminal part of the target might be involved in the selective recruitment of Tma108. To test these predictions, we assessed the ability of Tma108 to recognize S. cerevisiae Tma108 (scTma108) was compared to 14 well-characterized M1 aminopeptidases using multiple alignment of primary structures, followed by residue conservation analysis. The alignment shown corresponds to the most conserved region and is restricted to five M1 aminopeptidases. Residues in blue are fully conserved among the 15 M1 aminopeptidases (including Tma108), those in grey are partially conserved (90% of the sequences shown). Residues that are conserved in all the M1 aminopeptidases except in Tma108 are indicated in cyan on Tma108 sequence. Furthermore, Tma108 conservation was analyzed after retrieval of Tma108 orthologs in the diverse sequenced yeast genomes. Eighteen sequences from species (including S. cerevisiae) distributed along the phylogenic tree of the Saccharomycetaceae, were selected to detect residues that are fully conserved. These residues are indicated by color boxes at the top of the alignment (line labeled cons): dark blue boxes indicate residues that are conserved among Tma108 orthologs and similar in the reference aminopeptidases, orange boxes indicate residues that are specific to Tma108 orthologs. Numbers in the boxes indicate residues that were previously shown to be implicated in M1 aminopeptidase activities (based on the crystal structure of aminopeptidase N(42,43)): binding of the first amino acid of the substrate in S1 pocket (1) RPL16A specific (total=18) . For construct 5, the experiment was also performed with a mutated version of the Tma108-PA (E296Q) in which the glutamate of the MAMEN motif was replaced by a glutamine. The arrows in bold indicate the positions of the primers used for the Q-PCR. The mean enrichment factors were obtained from two independent immunoprecipitation experiments by calculating the ratio IP/Input normalized using ACT1 and ATP1 as control mRNAs. In each experiment, the enrichment of the endogenous ATP2 mRNA was measured and confirmed that Tma108-PA ribonucleoparticles were efficiently immunoprecipitated (data not shown).
different mutated versions of Asn1 ( Figure 6A ) and Atp2 (Supplementary Figure S7a) fused to reporters, by measuring the co-purification of the fusion-encoding mRNAs with Tma108-PA. As expected, we observed a high enrichment of an mRNA corresponding to the coding sequence of Asn1 fused to 13 repeats of the myc epitope and whose expression was controlled by the ZWF1 promoter ( Figure 6A , construct #1), in the Tma108 IP. The mRNA enrichment factors for this construct were similar to those measured for the endogenous ASN1 mRNA (data not shown, for an example see Figure 6B ) suggesting that the untranslated regions of the ASN1 mRNA are not involved in the recruitment of Tma108. In the absence of translation (ATG→TTG mutant, Figure 6A , construct #2), ASN1-myc mRNA was no longer enriched in the IP, while endogenous ASN1 mRNAs were still co-immunoprecipitated with Tma108 (data not shown). mRNA quantification indicated that this effect was not caused by mRNA degradation in the absence of translation, since the start codon mutation had little effect on the level of Asn1-myc mRNA ( Supplementary Figure S7b). This result demonstrates that translation is absolutely necessary for Tma108 to interact with Asn1-myc mRNA, and supports the model of an interaction with the nascent chain. Furthermore, we observed that an mRNA encoding a truncated version of ASN1-myc, whose first 35 amino acids had been deleted, was no longer associated to Tma108 ( Figure 6A , construct #3). Additionally, these first 35 amino acids were sufficient to recruit Tma108 to a LacZ reporter mRNA ( Figure 6B constructs #4 and 5).
Since our genomic analysis pointed to Tma108 as an original M1 metallopeptidase (Figure 4 ), we performed a mutational analysis to test if the region corresponding to the putative catalytic peptide-binding pocket was involved in the recognition of these 35 amino acids. The M1 aminopeptidase family differs from other gluzincins (defined by the HEXXHX 18 E motif) by the (G/A/H/V)(G/A)MEN motif, an anionic coordination motif that recognizes the free N terminus of substrates (40) . Previous studies focusing on various M1 metallopeptidases have demonstrated that mutations in this motif, notably the replacement of the Glu residue by a Gln, decreased or abolished aminopeptidase activity, while maintaining the general structure of the catalytic pocket (44) (45) (46) . We constructed a mutant strain with a single amino acid substitution in the genomic MAMEN motif (E296Q) of Tma108-PA and verified that this mutated version of Tma108 was correctly expressed and im-munoprecipitated (Supplementary Figure S7c) . Strikingly, we observed that Tma108-E296Q lost its ability to interact with both the endogenous ASN1 and the LacZ reporter mRNA fused to the 35 first amino acids of Asn1 ( Figure  6B , construct #5). Furthermore, the ability of this mutant to interact with ribosomes was decreased, as indicated by a strong reduction in the amounts of the ribosomal proteins Rpl1 and Rpl3 in the Tma108 immunoprecipitation (Supplementary Figure S7c ). This result supports the hypothesis that the M1 metallopeptidase peptide-binding pocket of Tma108 is involved in the recruitment of Tma108 on ribosomal particles, most likely by the recognition of the Nterminal residues of the targeted protein.
A specific signal present in the first 35 Asn1 amino acids is thereby necessary and sufficient to recruit Tma108 early during translation. However, the enrichment factors obtained for the N-terminal residues of Asn1 fused to the LacZ protein were not as high as those obtained for its full sequence. This suggests that an additional sequence within the Asn1 polypeptide might be involved in anchoring Tma108 to the nascent protein. Additionally, we observed that the full-length Asn1-myc protein is specifically detected in Tma108 IPs (Supplementary Figure S7d) . This observation indicates that Tma108 remains associated with its target until translation is complete and may even be involved in post-translational events. Similar results showing the essential role of active translation and of the N-terminal residues of the protein for the recruitment of Tma108 were obtained with Atp2 reporter constructs (Supplementary Figure S7a) .
Our analysis of the signals involved in Tma108 recruitment to both ATP2 and ASN1 mRNA emphasize the crucial role of translation and of the N-terminal amino acids of Tma108 targets. These results strongly support the assumption that Tma108 is a specific nascent chain-associated factor that is selectively loaded onto N-terminal amino acids during translation (Figure 7 ). This selective recognition of targets involves the catalytic peptide-binding pocket of Tma108, which is enriched in conserved residues specific to the Tma108 family ( Figure 4C ).
DISCUSSION
While studying candidate genes potentially involved in ATP2 mRNA mitochondrial localization, we identified Tma108 as a a specific ribosome-associated factor. Indeed, we observed that Tma108 has a high selectivity for mRNA encoding proteins of diverse subcellular compartments with ATP-binding, RNA-binding or Zinc-binding domains (Figure 3) . Tma108 represents the first example of M1 metallopeptidase family involved in ribosomal complexes. Our results support the fact that Tma108-ribosome specificity relies on the recognition of the first amino acids of the nascent chain during translation, possibly through its conserved catalytic pocket. Strikingly, the deletion of Tma108 was previously shown to be lethal depending on the yeast's genetic background (39) . This latter observation strongly supports the hypothesis that, in certain situations, specific co-translational events involving Tma108 could be essential for cellular homeostasis.
Tma108, a novel nascent chain-associated factor, interacts co-translationally with a subset of the nascent proteome Tma108 was identified in 2006 by Fleischer et al. as a new translation machinery-associated factor of unknown function (16) . In this study, we used affinity purification experiments coupled with mass spectrometry and microarray analyses, under conditions that preserve the structure of translating complexes, in order to identify the mRNAs translated by Tma108-associated ribosomes. Using this approach, we demonstrated that Tma108 was specifically associated with a sub-population of ribosomes translating 174 mRNA encoding proteins localized to various subcellular compartments. Moreover, immunoprecipitations in the presence of EDTA, which dissociates the different components of the polysome complexe, revealed that Tma108 might specifically interact with the nascent peptide. This was attested by the exclusive recovery of several proteins encoded by the target mRNAs, while the translated mRNA and the ribosomal subunits were lost. Only 7 of the 174 potential targets of Tma108 were detected using this approach. This could be caused by the unstable and transient nature of interactions with the nascent chains, as highlighted by previous studies which exhibit the difficulty of capturing the targets of factors acting co-translationally on nascent chains by proteomic approaches (37) . Still, the existence of a direct RNA-independent interaction between Tma108 and the nascent chains of Asn1 and Atp2 was strongly supported by the observation that the translation of the first N-terminal amino acids of these proteins was required for Tma108 to associate with ASN1/ATP2 mRNAs ( Figure 6 and Supplementary Figure S7) .
Since we observed that most of Tma108 targets have ATP-binding, RNA-binding or Zinc-binding domains we can infer that Tma108 specifically selects ribosomes translating proteins that share common biochemical properties (Figure 3) . Similar results were obtained by the Frydman group, which demonstrated that various chaperones take over subsets of nascent chains with common fates or folding constraints in yeast (36, 37) . For instance, the HSP70 SSB chaperone interacts with longer, more slowly translated and aggregation-prone nascent polypeptides. Likewise, our results indicate that Tma108 could recognize specific features within the nascent chain, as indicated by its apparent selectivity for some Pfam domains. However key features distinguish Tma108 from these Hsp proteins. First, the pool of Tma108 targets (<200) is much more restricted than that of the chaperones studied to date (typically 2000 mRNA targets for HSP70 SSB). Then, Tma108 recognizes a specific signal within the first amino acids of the nascent chain (Figure 6 and Supplementary Figure S7) . Finally, Tma108 belongs to the M1 aminopeptidase family and does not share any structural features with Hsp proteins (as shown below).
In 2007, after the discovery of multiple RNA binding proteins and non-coding regulatory RNAs (mi-RNA, si-RNA), Keene proposed the post-transcriptional RNA regulon model. In this model, functionally related mRNAs are co-regulated at different steps from transcription to translation by diverse trans-acting factors (1) . Similarly, the observation that nascent chain-associated factors, like Tma108, define different subsets of ribosomal particles, could in- Figure 7 . Model highlighting the co-translational capture of selected nascent chain by Tma108. This study has revealed that Tma108, a putative M1 metallopeptidase, interacts with a subset of ribosomal particles translating mRNA encoding proteins with ATP-binding, RNA-binding and Zinc-binding domains (right). We propose that Tma108 is recruited on selected nascent-chain through interactions involving specific residues located in its catalytic pocket (left). The observation that Tma108 is essential in some cellular contexts (39) strongly suggests that Tma108 could be involved in specific co-translational events.
dicate that specific quality controls are involved in the translation of proteins with different biochemical properties (36, 37, 9) .
Tma108, a member of the M1 metallopeptidase family, interacts with specific nascent chains
A myriad of factors were shown to be involved in welcoming the nascent chain, but their selectivity was poorly explored (47) (48) (49) . In this context, Tma108 would be a unique example of a nascent-chain associated factor with such narrow selectivity, which raises the question of the molecular basis of this selectivity. Tma108 belongs to the M1 metallopeptidase family characterized by a Zn-binding catalytic pocket in which peptides are docked and their N-terminal residue hydrolyzed (40) . Although these enzymes are found in organisms ranging from bacteria and plants to vertebrates (50) and have been involved in a variety of important biological functions (51) , until now none of them have been shown to interact with nascent peptides during translation.
Comparative analyses revealed that the catalytic pocket is well conserved in Tma108, underscoring its importance for Tma108 function. Since peptides are the natural substrates of M1 metalloproteases, it was consistent to speculate that Tma108 evolved to recognize the nascent chain during translation. This hypothesis was corroborated by data from immunoprecipitation experiments in conditions that dissociate the translating ribosomal complexes ( Figure  5 ) and by the observation that the translatability of the targeted mRNAs is crucial to recruit Tma108 ( Figure 6 and Supplementary Figure S7) . Finally, a single amino acid substitution (E296Q), in the MAMEN peptide-binding motif destroyed the ability of Tma108 to recognize the Asn1 nascent chain, further demonstrating the importance of this domain for Tma108 function.
It is unknown whether or not Tma108 displays peptidase activity that could contribute to the specific turnover of improperly folded proteins. Further studies, including mutagenesis and in vitro assays, will be necessary to fully elucidate the structure-function relationships within Tma108.
How M1 metalloproteases select their substrates among the diverse cellular proteins is still unclear and a systematic exploration of Tma108 residues involved in that process would be necessary to answer this question. Indeed, we observed the existence of conserved residues surrounding the putative catalytic region of Tma108. These residues were specific to the Tma108 orthogroup and could be implicated in the selectivity of Tma108 for its substrates. We demonstrated that interaction between Tma108's putative peptide-binding pocket and Asn1's first 35 residues was sufficient to recruit Tma108 on a LacZ reporter gene ( Figure 6 ). Interestingly, according to the Pfam database (25) , the GATase domain of Asn1 corresponds to amino acids 3-165, demonstrating that the signal responsible for the recruitment of Tma108 overlaps with this domain. Nevertheless, we were not able to isolate a common motif within the first 50 amino acids of the Tma108 targets (data not shown) thus, it would be interesting to investigate whether a specific structure adopted by the nascent chain is involved in the recruitment of Tma108.
The impact of Tma108 on protein synthesis: lessons from the ATP2 model mRNA Our observation that Tma108 targets a ribosome subpopulation raises the question of its impact on the translational process. Recent works, including our study, demonstrate that ribosomes serve as docking sites for a multitude of enzymes, targeting factors and chaperones acting on the nascent polypeptides emerging from its exit tunnel (47) (48) (49) . It is likely that nascent-chain associated factors couple ribosome activity with proper folding and quality control of the nascent proteome, thereby allowing for fine tuning of protein synthesis.
Strikingly, our single molecule FISH and subcellular fractionation data clearly demonstrated that the absence of Tma108 disturbed the spatio-temporal translation of ATP2 mRNA (Figure 1) . Based on previous studies, we put forward the model that ATP2 mRNA localization to the mitochondria is mediated by the ability of its nascent aminoterminal peptide (the mitochondrial targeting peptide or MTS) to interact co-translationally with the mitochondria itself (14, 52) (Supplementary Figure S4a) . We also demonstrated that ATP2 mRNA localization to the mitochondria was the result of a narrow equilibrium between targeting and elongation velocities of the nascent chain. Indeed, the blocking of elongation with cycloheximide drastically increased ATP2 mRNA localization ((13) and unpublished data). On the contrary, the uncoupling of the mitochondrial proton gradient, a prerequisite for MTS interaction with the mitochondria, delocalized ATP2 mRNA (14) . We propose that Tma108 may participate in regulating the dynamics of ATP2 translation and that the impairment of these dynamics upon Tma108 inactivation indirectly alters its delivery to the mitochondria. Several nonexclusive hypotheses may explain the negative impact of Tma108 on ATP2 mRNA localization ( Supplementary Figure S4b) . First, Tma108 could stimulate the elongation of ATP2 mRNA and thus accelerate the release of the translation machinery. This would disrupt the mRNA targeting process, which requires a constant interaction between the mRNA and the ribosome until their association with the mitochondria. Alternatively, Tma108 could participate in a specific co-translational quality control and its interaction with the Atp2 nascent chain could mask the MTS and reduce its ability to interact with the mitochondria.
Tma108 targets about 200 protein-coding mRNAs involved in diverse cellular pathways but sharing common biochemical properties. Quantitative proteomic analysis indicates that Tma108 does not significantly affect the steady state levels of its targets (Supplementary Figure S8) . This result indicates that Tma108 function is not related to translation initiation, the rate-determining step of translation (53) . This result is consistent with the role of Tma108 as a nascent chain-associated factor, recruited once the translation process is engaged. Our results also demonstrate that the absence of Tma108 does not impact the stability of the targeted proteins. However, it should be noted that these quantitative proteomic experiments have been conducted in a strain background in which Tma108 is dispensable. The observation that Tma108 is essential in other genetic backgrounds (39) strongly suggests that specific cotranslational events involving Tma108 could be essential for cellular homeostasis.
